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INTRODUCTION
Concerns over sustainable city planning in the last couple of decades have generated a strong sentiment against urban sprawl and its negative ramifications in North America (Brueckner, 2000) . Sprawl is defined as dispersed and discontinuous suburban land development associated with low population densities and high autodependence (Handy, 2005; Carruthers and Ulfarsson, 2002) . Critics argue that such development threatens the sustainability of cities due to its negative environmental, social and economic impacts. This is because it saps local resources, destroys open space and farmland, and increases the energy consumption of mobility by promoting long commutes (Newman and Kenworthy, 1999) . The latter also contributes to high levels of traffic congestion and harmful emissions (Dieleman et al., 2002) . Critics further argue that sprawl is responsible for the decay of downtown areas due to people and firm decentralization, leading to reduced social interaction and weakening the bonds that create a healthy society (Brueckner, 2000) .
While the number of studies that sought to address the issue of urban sustainability and combat sprawl has been on the rise over the past couple of decades, little has been done on developing analytical tools that could be used to assess the future of urban sustainability for North American and for Canadian cities in particular. Questions about how particular land use development patterns or the expansion of the current urban transportation infrastructure are likely to impact urban sustainability remain unanswered. Accordingly, there is a great need for developing simulation tools and systems of urban sustainability indicators for assessing future development policies. Integrated Transportation and Land Use Models (ITLUMs) are particularly well suited to assessing such policies (Kanaroglou and Scott, 2002; Miller et al., 2004; Lautso et al., 2002; Spiekermann and Wegener, 2004; Behan et al. 2008) . ITLUMs are sophisticated Decision Support Systems (DSS) that account for the interaction between the changes in urban form and travel behaviour decisions. As such, ITLUMs allow decision makers to assess the impact of land-use and transportation infrastructure projects on the evolution of urban areas. Research efforts over the past decade and a half have been focused on improving the theoretical foundations of these models (Miller et al. 2004 ). However, with the exception of the work done in Europe, namely the SPARTACUS "System for Planning and Research in Towns and Cities for Urban Sustainability" (European Commission, 1998) , PROPOLIS "Planning and Research of Policies for Land Use and Transport for Increasing Urban Sustainability" (Lautso et al. 2002; Spiekermann and Wegener, 2004) and PROSPECTS "Procedures for Recommending Optimal Sustainable Planning of European City Transport Systems" Minken et al. 2003) projects, the potential of using ITLUMs to calculate indicators for evaluating urban sustainability in North America has not been fully explored. This paper reports on efforts undertaken to extend the capabilities of IMULATE, an ITLUM developed to study transportation and land use problems in Canadian cities. Our efforts are focused on identifying a list of indicators that can be generated with IMULATE to represent the environmental, social and economic pillars of sustainability. To this end, we developed SUSTAIN, a simulation tool that can be used as an add-on module in an ITLUM to assess the sustainability of urban futures via simulations. The methods employed to model the indicators pertaining to the three pillars of sustainability are presented, and the approach by which we gauge progress towards sustainability is described. The novelty in this paper is twofold. Firstly, we propose a systematic approach to normalize the raw value vx (see section 2.3) of any indicator x to be generated by IMULATE. The approach utilizes simulated land use information to optimize traffic flows via the well-known transportation problem. The idea is to calculate the theoretical minimum (vxmin) and maximum and (vxmax) values (i.e. theoretical range) for a given indicator that correspond to the least (minimum) and most (maximum) commuting patterns (i.e. commuting range). The raw value vx is then normalized to a new value vx* on a scale of 0 to 1 using the determined commuting range. Previous efforts relied on setting vxmin and vxmax arbitrarily, as in SPARTACUS and PROPOLIS models, which may result in errors suggesting that this indicator is influential or not. Secondly, a simple approach is proposed for determining pollution concentration due to generated traffic without the need to run dispersion models while simulating scenarios. This approach makes the devised system appealing from a practical point of view, as it avoids the intensive computer processing required to run dispersion models with current computing technology. Those efforts are new and have not been implemented in previous research.
The remainder of this paper is organized as follows. Section two provides a background on the issue of sustainability from a land use and transportation perspective. First, a discussion of the criteria, rationale and methods proposed in the literature to assess sustainability and calculate sustainable indicators is presented. This is followed by an overview of the common methods used in the past to model sustainability with large-scale ITLUMs. Section three reports on the simulation tool developed to extend the capabilities of IMULATE. The section starts by highlighting the general structure of the IMULATE system, followed by a description of the method we used to devise the sustainability indicators module (SUSTAIN). Section four emphasizes the operability of the devised system with a simulation example. Finally, the last section provides conclusions and directions for future research.
BACKGROUND

Assessing urban sustainability
The interest in assessing urban sustainability has increased since the early 1990s. Drawing on the notion highlighted by Black (2002) , the sustainability of an urban system can be broadly defined as urban development and practices that should satisfy current needs without compromising the ability of future generations to meet their needs. However, it is widely argued that current urban land use and transport systems are far from sustainable. This is due to the fact that existing transportation systems contribute to global environmental problems, consume massive amounts of non-renewable resources, result in excessive numbers of fatalities and injuries, deteriorate local air quality and increase congestion. Current land uses are also unsustainable because they contribute to urban sprawl and the imbalances between jobs and housing, as well as long commutes that are considered wasteful (Ma and Banister, 2006) . In light of these problems, emphasis has been placed on addressing the issue of urban sustainability in recent years.
A growing body of literature has been advocating the development of sustainable indicators to support the urban planning process (Litman, 2008; Jeon et al. 2008) . Indicators in this context are standardized measures suitable for analyzing and evaluating the importance of targeted outcomes. For example, a measure such as vehicle kilometres traveled (VKT) per capita can be used as an indicator to evaluate the level of mobility in the city. Various methods have been proposed over the past decade and a half to devise sustainable indicators that could be used to gauge progress towards sustainability. The general consensus is that urban sustainability can only be achieved by addressing various aspects that are related to the three pillars of sustainability: (1) Environment, (2) Society, and (3) Economy. The existing body of literature suggests that the sustainability of alternative future policies can be evaluated by calculating several indicators (i.e. quantifiable measures of particular outcomes) pertaining to a list of pre-defined themes that correspond to the three pillars of sustainability. The objective is then to combine those indicators to identify which of the alternative policies will result with the set of indicators that minimize negative environmental and social outcomes, while maximizing economic benefits.
According to the literature, quantitative methods for assessing the trinity of environmental, social and economic parameters are broken down to either simple or complex/advanced methods (Deakin et al., 2005) . Simple methods include compatibility matrices, eco-profiling, ecological footprints, environmental auditing, flag method and spider analysis. On the other hand, complex and advanced methods, as noted by Black et al. (2002) , include descriptive statistics, spatial mapping, regression analysis, travel preference functions and spatial statistics. Furthermore, Deakin et al. (2005) note that contingent valuation, cost benefit analysis, hedonic analysis, multi-criteria analysis and travel cost theory are among those advanced methods used for addressing the environmental aspect of urban sustainability. Finally, predictive and large-scale simulation models are among the more advanced methods for assessing the future of urban sustainability. Examples of the latter include the SPARTACUS, PROPOLIS and PROSPECTS models. Here, a computer program is designed to capture and simulate the processes of land use changes and travel demand behaviour in an urban area (European Commission, 1998; Lautso et al., 2002; May et al., 2003; Minken et al., 2003; Spiekermann and Wegener, 2004) . The system is equipped with tools that enable the analyst to translate traffic flow and land use patterns into indicators suitable for assessing the sustainability of any future land use and transportation simulated scenario.
Our review of the literature reveals the existence of a relatively large number of diverse indicators for assessing the various aspects of sustainability of an urban system. In addition, the requirements for devising indicators do not seem to explicitly state the need for considering eventual dependability between particular indicators, external influencing factors, and the relevance and relative importance of different actors (Basler, 1998; Morse et al., 2001 ). There appears to be a lack of consensus regarding indicators for assessing sustainability. Obviously, the selection of indicators requires prior knowledge of the many facets that shape the future of the city and its evolution. Kelly (1998) has identified several criteria for evaluating sustainability indicators in the study of an urban system. He notes that any devised indicator should be:
Calculated by using already available or easily obtainable information.
Easily understandable without ambiguity and exceptional overlapping.
A measure of something important in its own right.
Available with a relatively short lead-time.
Comparable in terms of different geographical scales and the actors involved.
User driven, i.e. useful to their intended audience.
Policy relevant, i.e. pertinent to policy concerns.
Highly aggregated, i.e. the final indices should be few in number. Furthermore, Hardi and Pinter (1995) identify some additional features enabling easier implementation of particular indicators of sustainability:
Designed in close cooperation and agreed with the actors involved from the public to the specific shareholders.
Cover a range of effects and impacts of interest.
Institutionalized in terms of effective laws and regulations, responsibilities for collection and maintaining databases, monitoring and regular reporting.
Integrated into policy-making and decision processes. Jeon and Amekudzi (2005) examine indicators of sustainable transportation in current practice. Sixteen sustainability initiatives around the world were reviewed. The findings show that while there is no standard definition for transportation sustainability, there seems to be emerging consensus that in order to be effective, it must include impacts on the economy, environment, and social well-being; it must address the causes of sustainable or non-sustainable trends; it must consider the relative levels of influence that oversight agencies have with respect to implementing policies and procedures that impact sustainability; it must include an appropriate balance of input and output measures and it must have a strong stakeholder component. Hatzopoulou and Miller (2006) review indicators of sustainable transport for integrated policy appraisal in Canada. They note that there has been a growing interest in the issue by various Canadian institutions including: the Winnipeg's Centre for Sustainable Transportation (CST), the Victoria Transport Policy Institute (VTPI), Environment Canada (EC), and the National Round Table on the Environment and the Economy (NRTEE). The authors observe that while work on the topic is underway, further efforts are still needed in specific areas including but not limited to human exposure to air pollution and relations between levels of accessibility across socio-economic status. They also observe that the set of indicators proposed by the VTPI are considered to be more comprehensive than the indicators proposed by CST, since they are concerned with the three pillars of sustainability. By comparison, the indicators developed both by EC and NRTEE emphasize environmental quality at the expense of economic and social factors.
Modeling Sustainability with ITLUMs
As we noted earlier, ITLUMs have been used in the past to address the issue of urban sustainability in the European context. A number of European scholars carried out projects for this purpose, such as SPARTACUS system (European Commission, 1998) and more recently PROPOLIS (Lautso et al., 2002; Spiekermann and Wegener, 2004) and PROSPECTS Minken et al., 2003) . Efforts in these projects are centered on deriving indicators from existing integrated urban land use and transportation models, namely the MEPLAN, TRANUS and IRPUD models (see for a detailed discussion of those models), to promote sustainable futures in a number of European cities.
The systems were developed to take into consideration five general goals that have been adopted in the European context to achieve a more sustainable urban future: (1) minimizing the consumption of space and natural resources, (2) rationalizing and efficiently managing urban flows, (3) protecting the health of urban populations, (4) ensuring equal access to resources and services, and (5) maintaining cultural and social diversity. In accordance with those goals, indicators have been identified within SPARTACUS, PROPOLIS and PROSPECTS to satisfy a list of criteria that include the Source: Spiekermann and Wegener (2004) relevance of the chosen indicators, their effectiveness in representing different domains of sustainability, their ability to be policy sensitive and their efficacy in generating credible future forecasts. The PROPOLIS system hypothesizes thirty-five indicators that are classified into nine themes to assess the three dimensions of sustainability, as shown in Table 1 . Litman (2008) argues for the adoption of a standard set of sustainable indicators to be used as a benchmark when addressing sustainable transportation planning in North America and other places around the world. The PROPOLIS indicators, to a large extent, coincide with those proposed by Litman (2008) . For the environmental pillar, PROPOLIS considers four themes that include global climate change, air pollution, consumption of natural resources and environmental quality. As for the social pillar, another four broadly defined themes are listed including health, equity, opportunities, accessibility and traffic. Finally, for the economic pillar, one theme is identified to reflect the total net economic benefit from transport. It is worth noting that not all of the indicators were usually calculated due to lack of data on particular indicators for some European cities (European Commissio PROPOLIS and SPARTACUS rely on a standard multi-criteria evaluation method to calculate the contribution of each indicator x to the three pillars of sustainability. The idea is to translate the raw values of all indicators produced by the ITLUM into standardized indices (European Commission, 1998) . (European Commission, 1998). However, setting vxmin and vxmax arbitrarily can result in errors suggesting that this indicator is influential or not. We account for this drawback by providing a systematic approach to determine vxmin and vxmax as will be discussed in the next section.
Multi-criteria evaluation is applied using the normalized indices * x v to calculate an overall index SIp per pillar p using exogenous weights (w1, w2, …, wk) that reflect the importance of the k indicators of pillar p. Following Nijkamp et al. (1990) , the general formula for calculating a sustainability index is given as follows:
where k is the number of indicators that belongs to pillar p, and k x x w 1 1 . The weights in PROPOLIS and SPARTACUS are the outcome of an internal expert survey performed to determine a common set of weights for the targeted study areas. The aggregation of indicators in equation (1) is performed separately for the environmental, social and economic pillars of sustainability. An overall index can then be generated by taking a weighted average of the three indices pertaining to the three pillars of sustainability.
A SIMULATION TOOL FOR URBAN SUSTAINABILITY
In what follows, we report on the work that has been conducted to devise SUSTAIN, a simulation tool that can be used as an add-on module in an ITLUM to assess sustainable urban futures via simulations. The tool is integrated with IMULATE, a Canadian ITLUM developed for Hamilton, Ontario and Halifax, Nova Scotia. We first provide an overview of the IMULATE system. This is followed by a description of the modeling approach to devise SUSTAIN.
The IMULATE System
IMULATE was first calibrated for the Census Metropolitan Area (CMA) of Hamilton, Ontario (an urban area of approximately 500,000 inhabitants according to the 2001 Canadian Census) and became operational in the mid 1990s (Anderson et al., 1994) . Since then, it has been used in a number of studies for the Hamilton region and has played a significant role in informing debates related to transportation infrastructure or/and land development projects (see for example Scott et al., 1997; Kanaroglou and South, 1999; Kanaroglou, 1999; Kanaroglou et al., 2000; Kang et al., 2008; Behan et al., 2008; Kanaroglou and Buliung, 2008) . Recently, the model has been calibrated for Halifax, Nova Scotia, a CMA of approximately 360,000 inhabitants as documented by the 2001 Canadian Census. The following discussion will focus on the IMULATE system of Hamilton, which consists of five main components (POPMOB, EMPLOC, TRANDEM, TRAFFIC and EMISSIONS), as shown in Figure 1 . The integration of the sustainability module (SUSTAIN) with IMULATE will result in IMULATE+, an ITLUM capable of simulating and evaluating the sustainability of Canadian Cities.
In essence, the model simulates changes in land use and travel demand over five-year intervals, the first of which corresponds to the period 1986 to 1991 for Hamilton and 2001 to 2006 for Halifax. More comprehensive discussions are available in Anderson et al. (1994) , Buliung et al. (2005) and Kang et al. (2007) . The Land Use Module of IMULATE consists of two submodules: POPMOB and EMPLOC. The first of these is a residential location model that relates to the intra-urban household mobility and the operation of the housing market over space and time. Household mobility between any two census tracts k and i is simulated with a multinomial logit model that predicts the probability, Pki, of moving from k to i in any given five-year interval. The utility of Pki is formulated as a function of location factors that pertain to the destination tract i. Those factors include newly constructed dwellings in i, proximity to hazards from i, housing cost in i, level of accessibility in i (determined by the Transport Module) and the physical distance between k and i. EMPLOC, on the other hand, is a firm location model that relates to the intra-urban firm mobility and the associated location choice behaviour of firms in the CMA. The latter is simulated with a multinomial logit model that predicts the probability, Pi, of choosing census tract i by a moving or newly formed firm. The utility of Pi is formulated as a function of location factors that pertain to the destination tract i. Those factors include proximity to the CBD, proximity to highways and main roads, proximity to regional malls, population size in i, household density in i, measures of agglomeration economies in i and the type of land use in i. While POPMOB predicts the change in the spatial distribution of households and population across the CMA, EMPLOC predicts the location of firms and employment across the CMA. Together, the two models determine a matrix that links place of residence to place of work (PORPOW) for all workers in the region (Kanaroglou, 1999) .
TRANDEM, a submodule of the Transport Module, utilizes the PORPOW matrix to first predict the number of work, school and discretionary trips occurring between each pair of traffic analysis zones, which, in the case of IMULATE, correspond to Hamilton's 151 census tracts. Then, based on relative travel time and cost, trips are broken down via logit models into three modes: private automobile, public transit and walking (Kanaroglou, 1999) . The TRAFFIC submodule translates the inter-zonal automobile trips generated by TRANDEM into flows on the road network by means of a stochastic user equilibrium traffic assignment model. At the same time, the effect of congestion on travel speed is estimated along individual links. Once network equilibrium is reached, the level of zonal accessibility (also known as the inclusive value) is calculated to be passed to the Land Use Module as a determinant of population and employment mobility for the subsequent simulation period. In this way, changes in the level of congestion on specific links due to new highway projects will have a direct bearing on residential and employment location choices and thereby commuting patterns. Consequently, IMULATE is capable of capturing the bidirectional relationship between land use and transportation.
After equilibrium is achieved and the traffic flows are determined, the Environmental Module is engaged. An EMISSIONS submodule is used to estimate emissions of carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx) and particulate matters (PM2.5 and PM10) for each link of the network via an interface between IMULATE and a well-established automobile emission model, MOBILE6.2C, the Canadian version of the MOBILE6.2 model. MOBILE6.2 was developed by the U.S Environmental Protection Agency (EPA) and has been used in the United States in various air pollution applications. This model can estimate, for each category of vehicle, emissions generated over each trip of a given length. Such estimation depends upon the average speed over the trip as well as other factors that might affect emissions, such as air temperature and vehicle-fleet characteristics. The Environmental Module also provides estimates of aggregate fuel consumption in litres by passenger vehicles (Anderson et al., 1994) .
The SUSTAIN module
We adopt the general objectives set by the SPARTACUS and PROPOLIS models to devise the SUSTAIN module for the Hamilton region. A number of sustainability indicators, as shown in Table 2 , are selected to represent various aspects and domains of sustainability. The indicators are devised such that they are policy responsive and can be forecasted by IMULATE. For environmental indicators, we focus on measures that contribute to air pollution and consumption of non-renewable natural resources. Air pollution indicators are based on the output produced by Mobile6.2C. Those include emissions of greenhouse gases (CO), acidifying gases (NOx), volatile organic compounds (HC), and particulate matters (PM2.5 and PM10). It is well documented that increases in their levels can severely damage the environment and the transportation sector is a major source of these emissions. The indicator for any given pollutant is measured as the level of emission per 1000 inhabitants. Consumption of non-renewable natural resources refers to the consumption of fossil fuel manufactured from mineral oil products. The parameters of the fuel consumption model in IMULATE are the same as those employed in a study of transportation emissions and energy by the City of Toronto Planning and Development Department (Anderson et al., 1994) . As in the case of emissions, total fuel consumption is measured per 1000 inhabitants. The indicator for the consumption of agricultural land (NR2) is calculated by measuring the amount of farmland and green space converted for human use. Accordingly, the indicator calculates the total area of farmland or green space converted for new land development in all census tracts of the city. EUE A tool for evaluating urban sustainability a-36 For social indicators, measures have been generated for health, opportunity, and accessibility and mobility. It should be noted that equity indicators that measure justice with regards to exposure for different socio-economic population groups that can be classified according to income classes, as in PROPOLIS, are not included in the current version of SUSTAIN. The distribution of different socioeconomic groups over space cannot be predicted using IMULATE. This limitation will be addressed in future research. As for health indicators, there is a growing body of literature that is concerned with establishing a relation between air pollution exposure and health in the urban context (Jerrett et al., 2005) . For our purposes, health indicators are used to assess the exposure to NOx and CO emissions, which emanate from passenger vehicles. Upcoming research will include a focus on generating exposure measures for particulate matter as well as exposure to noise sources. The latter will depend on data that is currently lacking for our study area.
The devised exposure indicators measure the shares of population living in areas where the concentration of pollutants exceeds safe guidelines. In order to calculate an exposure indicator, IMULATE+ calculates two surfaces to reflect the spatial distribution of population and the levels of concentration of the pollutant in question. The two surfaces are represented in raster Geographic Information System (GIS) format where the study area is divided into a finite number of grid cells (500 500 meters). Population and pollution concentration are calculated for each grid cell g during a given simulation. The exposure index is then calculated as follows:
where Popg is the size of population in grid cell g, Cong is the level of concentration of the pollutant in question in grid cell g, and is a threshold value for which the exposure to the pollutant becomes harmful.
The population surface is calculated from the zonal information produced by POPMOB. Population of a given zone (Popz) is distributed to the grid cells (g = 1, 2, …, Zg) that comprise zone z according to the following relation:
where RLUg is the area of residential land use in grid cell g. On the other hand, the pollution concentration surfaces for NOx and CO are calculated using regression models that were estimated to relate the level of pollution concentration in grid cell g to the amount of generated traffic on the road links that are in the vicinity of the grid cell. The regression models substitute the integration and utilization of the TAPM dispersion model (Hurley et al., 2005) with IMULATE. This approach is followed since the combination of TAPM with IMULATE to generate pollution concentration surfaces, while simulating a scenario will require days of computer processing, given the current computational power (i.e. Intel Core 2 Duo 2.0 GHz CPU). The dependent variable in the regression model is based on concentration measures that were initially obtained from running TAPM with road link emissions for the year 2006. Two concentration surfaces per pollutant were generated with TAPM to account for the two prevailing south west and north east wind directions in the Hamilton region. Table 3 presents the results of the estimated regression models. In each model, three independent variables were used: (1) Tflow300g: the total traffic from passenger cars on all road links that are within a buffer of 300 meters from the center of grid cell g, (2) NRDUMg: a dummy variable set to 1 if grid cell g does not intersect with a major road or highway, 0 otherwise, and (3) DWSPg: a dummy variable set to 1 if grid cell g is down wind from a source of road pollution, 0 otherwise. The estimation results in Table  3 indicate well-behaved models with high R-squares and significant parameters that meet our a priori expectations. The concentration of pollution in the grid cell will tend to increase as the generated traffic from passenger cars will increase, as discerned from the Tflow300g variable. The models indicate that locations that are down wind from a source of road pollution will have higher concentrations of pollution, other things being equal, as determined by the DWSPg variable. Finally, locations that are not proximal to roads and highways will have lower pollution concentrations as can be seen in results obtained for the NRDUMg variable. During a simulation, IMULATE+ will utilize the estimated parameters in Table 3 along with the generated link traffic flows from the TRAFFIC submodule to calculate the concentrations Cong(SW) and Cong(NE) that correspond to the south west and north east wind directions, respectively. For a given pollutant, the value of Cong required in equation 3 is then calculated as follows:
The above formulation is based on empirical evidence that indicates a respective two thirds south west (SW) and one third north east (NE) wind prevalence during a given year in the Hamilton region.
To develop health indicators, we calculate the number of traffic related injuries and deaths per 1000 inhabitants. For this, we use recent rates on injuries (I = 669 injuries per billion VKT) and deaths (d = 9.3 deaths per billion VKT) from Transportation Canada to establish a relation between traffic accidents (i.e. number of injuries/deaths) and the generated traffic (Vehicles Kilometres Traveled [VKT]) for a given scenario. The reason for adopting a simple approach to measure injuries and deaths is the lack of spatial data on traffic accidents for our study area. Should spatial data on traffic accidents become available a more elaborate approach will be devised to determine the number of injuries and deaths.
The second theme of indicators within the social pillar relates to social opportunities that are represented by the vitality of the Central Business District (CBD) and the level of residential amenities in the urban area. The vitality indicator (OP1) is based on measuring the level of mixed land use densities (i.e. co-existence of population and employment) in the central part of the city. Similarly, better residential amenities can be achieved with a high level of mixed land use densities in the different neighbourhoods (census tracts) of the city. Following the literature, an entropy index (EIr) that takes on a value between 0 and 1 can be used to quantify the level of mix of land use densities in region r: Pd is the proportion of land use density of type a relative to the total density obtained from all available land uses (a = 1, 2, …, L) in region r. In our case, densities pertaining to population (a = 1) and employment (a = 2) are used to evaluate the level of mix in land use in region r, where L = 2. Population density is based on the output produced by POPMOB whereas employment density is based on the output produced by EMPLOC. OP1 is calculated with equation 6 by setting r as the CBD, where the CBD corresponds to the set of census tracts that form the old part of the city. OP2, on the other hand, is calculated by averaging the entropy indices (EIr) for all census tracts (r = 1, 2, …, 151) comprising the Hamilton area. According to equation 6, mixed land use that reflects a higher level of vitality or residential amenities is achieved when the values for OP1 and OP2 are close to 0.
The third theme of indicators within the social pillar relates to accessibility, levels of commuting and mobility in the city. The CBD plays an important role from a cultural, economic and social perspective. Therefore, changes in accessibility to the CBD due to imposed land use and transportation policies can have a social impact on the citizens of the city. We define accessibility to CBD as the average travel time it takes to move from all locations in the city to the CBD in a congested situation. Accessibility to the CBD will become poor as the average congested travel times from all locations to the CBD increase. Within a service based economy, access to services is an important aspect of everyday life. We measure accessibility to services by averaging the potential accessibility to service employment for all origin census tracts i in the city. Potential accessibility to services from origin census tract i is calculated as follows:
where SEj is service employment of census tract j and Cij is the travel time from origin tract i to destination tract j. The latter is endogenously determined by the traffic assignment routine of the transportation module.
Indicators pertaining to the level of commuting include VKT per 1000 inhabitants and VMT per 1000 inhabitants. The general idea here is that higher values of VKT and VMT will be associated with higher levels of commuting distance and time, and this can have negative impacts on society due to wasteful commuting (Ma and Banister, 2006) . The final social indicator is based on measuring the overall level of congestion to depict the ease of mobility in the city. The indicator suggests that a higher congestion index will be associated with a lower level of mobility. VKT and VMT are calculated from the road link flows produced by the TRAFFIC module: where capacityl is the design capacity of link l and N is the total number of links of the transportation network.
The economic sustainability indicators are devised to capture three monetary costs (in Canadian dollars) that are endured as a result of travel. The first indicator is the cost that road suppliers endure in order to maintain or build new road infrastructure. Intuitively, more usage of the transportation network, reflected by an increase in VKT, will increase the cost of maintaining existing infrastructure or building new supplies. Using figures from Transportation Canada, we estimate the total cost associated with maintaining/building a kilometre of infrastructure to be $0.027 per VKT. We use this estimate along with the predicted VKT from IMULATE+ to calculate EC1. The second economic indicator (EC2) corresponds to the users of the road infrastructure and measures the cost associated with commuting. The total commuting cost in minutes can be calculated as follows:
where Cij is the inter-zonal travel time to commute from origin zone i to destination zone j, and Tij is the total number of trips from origin i to destination j. As before, using figures from Transportation Canada, we estimate the total cost in dollars per one minute of user commute to be $0.114. This figure is used in conjunction with equation 11 (i.e. 0.114 CC) to estimate EC2. Finally, the last economic indicator (EC3) is devised to account for the external costs (i.e. health and fatalities) that are associated with transportation. Health costs include, but are not limited to, exposure to various pollutants as well as traffic injuries. Traffic fatalities are among the most devastating external economic costs societies will ever experience. To capture those effects, we employ the health indicators (HL1, … , HL4) to calculate indicator EC3 as follows:
where CH is the hospital admission cost ($) per case due to illness associated with exposure to harmful pollutants, CI is the hospital admission cost ($) per case due to illness associated with a traffic injury and CD is the cost ($) associated with a traffic fatality. Using figures from the Ontario Medical Association, CH is estimated at an average rate of $6,158 per exposure case. On the other hand, using numbers from Transportation Canada, CI and CD are estimated to be $28,000 and $1,560,000 per case of traffic injury and traffic fatality, respectively.
Sustainable Indices Evaluation
For any indicator x that pertains to one of the three pillars of sustainability, SUSTAIN v on a scale of 0 to 1, to be able to compare indicators directly. The normalization is achieved by using the following formula:
To assess the sustainability of the simulated scenario, each indicator is assigned an exogenous weight in the range of 0 to 100 percent to directly reflect its importance. For instance, an indicator with a weight of 80% is deemed more important than an indicator with a weight of 20%. Accordingly, an exogenous list of weights the transportation problem has been used in excess commuting studies to calculate the optimal (minimum) distribution of trips for all origin-destination pairs in the city, such that the average journey-to-work trip length is minimized and the demand (represented by the distribution of jobs at the different destination zones) is met (White, 1988; Ma and Banister, 2006) . The idea here is to move people closer to their places of work so that the overall commute is minimized. Recently, the concept of the theoretical maximum commute is incorporated along with the conventional minimum excess commute to examine the feasible commuting range for a particular urban form (Horner, 2002) . The general premise of the maximum commute is to move people as far as possible from their places of work so that the overall commute is maximized. It should be noted that the minimum and maximum commutes represent hypothetical situations that may never occur in reality. Nonetheless, given the current urban form (i.e. distribution of houses and jobs) the actual commute will always fall within the minimum and maximum commuting range. It can be argued that the observed commuting pattern of a city (derived from the PORPOW matrix) is more efficient if it is close to the minimum commute. Following these ideas, SUSTAIN utilizes the simulated urban form from POPMOB and EMPLOC to formulate and optimize the following transportation problem:
Objective function:
Constraints:
where W is the total number of commuters, Empj is the total number of jobs in destination zone j, Popi is the total number of commuting workers living in origin zone i, and Cij and Tij are previously defined. The minimum and maximum trip matrices are calculated by, respectively, minimizing and maximizing the objective function Z in equation 14 subject to the three listed constraints. The minimal solution of the above linear program will result in Tij's that correspond to the minimal commute in the study area. Those Tij's are then assigned to the transportation network using the TRAFFIC submodule. The resulting link flows are used to calculate link emissions and energy consumption levels via the Environmental module. The outputs are then employed to calculate min x v for all the indicators listed in Table 2 . In a similar fashion, the maximum Tij's from maximizing Z is fed into the TRAFFIC and Environmental modules and the outputs are employed to calculate the max x v values.
MODEL IMPLEMENTATION
The modeling framework of SUSTAIN is developed as a Visual C++ simulation program and integrated with the IMULATE system to form IMULATE+. The new simulation tool is endowed with a friendly Graphical User Interface (GUI) to enable users to provide inputs and retrieve outputs in an efficient and fast manner. For inputs, the interface enables the user to alter the weights for the different indicators of the system. SUSTAIN utilizes various data files that are generated during simulations to calculate x v , min x v and max x v . The results are displayed in a spreadsheet, which can be exported to text files for reporting. Given the provided weights, SUSTAIN also calculates the normalized value of each indicator following equation 13 and the results are summarized and displayed in both tabular and graphical format.
Similar to the work of Pfaffenbichler and Shepherd (2002) , Vold (2005) and more recently Jonsson (2008) , in our following analysis, we will test SUSTAIN by simulating four scenarios that present four different patterns of residential land development in the Hamilton CMA for the time period 2001 -2006. The objective is to identify which of these patterns are the most and least sustainable. We assume a total of 20,000 new residential dwellings to be constructed in the Hamilton CMA in this time period. Such information forms the supply of the land market for the POPMOB model, which predicts the spatial distribution of population in the tracts of the CMA. The four scenarios are as follows:
1-Base Case: This is a business as usual scenario where the distribution of the 20,000 new dwellings across the tracts of the CMA follows the observed past trends published by Statistics Canada for 1991-1996 and 1996-2001. 
2-Urban Residential Intensification (URI):
Urban residential intensification is a commonly advocated land use policy under the umbrella of new urbanism and smart growth strategies (Behan et al., 2007) . To reflect urban residential intensification, we evenly assign the 20,000 new dwellings across the central tracts shown in Figure 2 .
3-Urban Expansion:
In this scenario, we assume that the city will continue its horizontal land expansion where new development will mainly occur in the densely populated built-up area in the inner suburbs of the city. Accordingly, the new dwellings are evenly assigned to the inner suburban tracts shown in Figure 2 . 4-Urban Sprawl: Land development in this scenario is assumed to follow a sprawled pattern where new development is mainly occurring in the outer suburbs of the city. To EUE A tool for evaluating urban sustainability a-42 capture this effect, we evenly distribute the new dwelling far away from the core in tracts that are at the fringe of the city, as shown in Figure  2 .
Since the above scenarios are for illustrative purposes only, we assign equal weights among the indicators of any given pillar for simplification. However, it should be noted that when performing appraisal analysis of potential future scenarios, the assigned weights of the indicators will play a major role in determining the value of the sustainability indices in equation 1. Typically, the value of these weights is determined by collecting information through stated preference surveys such as the one conducted by Hunt (2001) for the City of Edmonton, Alberta, Canada. The objective of such surveys is to evaluate the attitudes of citizens towards a range of themes that relate to urban sustainability. This can help identify which sustainability indicators are more important, and therefore assign them with higher weights when evaluating the examined future scenarios. Future research will focus on determining plausible values for the weights of the devised sustainability indicators for Hamilton following the approach provided in Hunt (2001) .
Fig. 2 -Designated census tracts for residential land development in the Hamilton CMA EUE A tool for evaluating urban sustainability a-43
The results of the simulations are summarized in Table 4 . It is worth noting that the system is developed such that better environmental, social or economic conditions are achieved when the normalized value * x v of any particular indicator x is closer to 0. The same applies to the SIp indicators. As such, a value close to 1 postulates an undesirable condition. The sprawl scenario appears to provide the most undesirable outcome with an overall sustainability index of 0.56. By comparison, the expansion scenario appears to provide the most desirable overall index (0.46), which appears to be very close to the indices achieved from the base and URI scenarios. The same observations apply when examining the calculated indices per pillar of sustainability. While the results from the sprawled scenario are not very surprising, those pertaining to the URI scenario are more interesting. The implementation of an URI scenario will result in better environmental conditions compared to the base case and sprawled scenario. However, it fails to create better social conditions when compared to the base and expansion scenarios. The sources of this undesirable condition are congestion and low mixing of land uses, as discerned from the relatively higher values of the congestion and viability of CBD indices (0.06 and 0.008). Nonetheless, the URI scenario appears to mitigate exposure to pollution as can be inferred from the exposure to NOx. It is worth noting that the above Note: * Exposure to CO is 0 due to low levels of CO concentration from traffic.
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results are partially driven by the assigned weights. Different results regarding the sustainability of the simulated scenarios would have emerged if we assigned higher weights to particular indicators. Therefore, attention should be given to the assigned values of the weights.
CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH
This paper presented a framework for assessing sustainability of cities using large-scale integrated transport and land use models (ITLUMs). The efforts presented here add to the scarce literature on the development of simulation tools to assess urban sustainability. This research also paves the road for future work to assess the sustainability of urban development practices in Canadian cities by providing an operational tool for this purpose. A review of the literature suggests that the application of large-scale simulation models to assess urban sustainability is still at its infancy, although the art of developing integrated urban models goes back to the early 1960s. To date, there are at least 20 operational integrated urban models that have been developed for various cities around the world . However, the use of such models to study the different aspects of urban sustainability is still limited (Buliung et al., 2006) .
As noted earlier, a process of identification of sustainable indicators within ITLUMs should be carried out such that the indicators are chosen for their relevance, representation, policy sensitivity, and prediction ability (Kelly, 1998; Hardi and Pinter, 1995) . Accordingly, a number of indicators could be calculated, but some might require advanced modeling techniques or detailed data. Nonetheless, we have demonstrated that the issue of urban sustainability can still be assessed using existing models as in the case of SPARTACUS, PROPOLIS and PROSPECTS. Our framework can be implemented in various Canadian cities making use of an operational travel demand model or ITLUM. However, improving the predictive ability of existing ITLUMs can assist in improving the quality of the devised indicators. It is well documented that microsimulation ITLUMs can help on this front (Miller et al., 2004) . Unfortunately, very few operational models of this sort exist at the present time. Until such models are operational, there is the need to extend existing zone-based models as shown in this paper to make informed decisions regarding transportation planning and infrastructure projects.
Although this tool accounts for various domains and aspects of sustainability, there is still room for future research to enhance the performance of such tools and allow them to explicitly account for other important aspects of urban sustainability. The limitations suffered in this research were mainly due to a lack of appropriate data. Therefore, upcoming research will focus on addressing these limitations to improve the performance of the SUSTAIN module. In addition, it will enable SUSTAIN to generate indices for exposure to particulate matter and exposure to noise pollution. It will also enhance the predictive ability of POPMOB in order to predict the breakdown of population by different socioeconomic groups according to age (as in . In this way, SUSTAIN will be able to generate social equity indicators such as justice with regards to exposure for particular age groups that are more susceptible to pollution. Furthermore, future improvements along the lines of developing microsimulation models, as noted above, will enhance the core of the ITLUM being used. The objective will be to enable the model to generate more detailed land use and transportation related outputs that can help calculate vital sustainability indicators. Examples of the latter would include: daily average per capita time spent in active transportation, per capita transportation cost by mode of travel, impervious developed floorspace for urban use. Finally, since SUSTAIN is mainly developed to help inform and advocate the sustainability of different land use and transportation policies in Canadian cities, our research efforts in the near future will be focused on utilizing the system for this purpose.
